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Abstract 
For the cement industry the minerals gypsum and anhydrite, due to their similar chemical compo-
sition, are of the same importance. In cement production line, the energy requirements for grinding
anhydrite are different from that of gypsum. Occasionally, the difference in mechanical properties
of the extreme members (anhydride / stiff - gypsum / brittle) can cause problems during grinding pro-
cedure. For these reasons it is necessary to be aware of the spatial distribution of these rocks in an
active open pit. This knowledge, because of its strict connection with the calculation of the reserves
(geological and recoverable), contributes to the direct production planning of the open pit and to the
medium and long term planning as well. In order to approach the spatial distribution of sulphate
rocks in the active gypsum open pit of INTERBETON S.A. in Altsi (Sitia region, Εastern Crete), new
exploration boreholes were drilled. The proposed methodology concerning the determination of the
new borehole locations consists of two steps. In the first step detailed geological mapping of the
surface sulphate rocks is conducted and in the second step a three-dimensional geological model is
constructed. The model’s construction is based on data derived from a past drilling program. Those
data were enriched with the results of geochemical analysis of 100 new surface samples. The sur-
face samples were taken by means of Wagon Drill accordingly to a predefined grid. Five different
drilling scenarios were proposed, contributing to the determination of the optimal drilling program.
Key words: 3D Geological Modelling, Active Open Pit, Sulfate Deposits, Optimal Drilling Program.
1. Introduction 
In cement industry, calcium sulfate (either in the form of gypsum or anhydrite), is one of the ingre-
dients of Portland cement which increases the time needed for the setting of cement. But, the dif-
ference in stiffness of anhydride and gypsum can cause problems in crushing and grinding procedure
in the open pit. The stiffness of Anhydrite is 3-3.5 in Mohs scale, while for gypsum it is 1.5-2. It is
known that gypsum is dehydrated and is transformed to anhydrite as a consequence of geological
burial. On the contrary, anhydrite is transformed to gypsum when it comes in contact with fluids dur-
ing exhumation. These two minerals, are common minerals in evaporitic sequences. Evaporites are
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deposits which are created by salt precipitation from aqueous solutions during solar evaporization.
The precipitation begins when the aqueous solution’s salt concentration exceeds 50‰ (brine). If the
brine is saturated in SΟ4-2 and Ca+2 gypsum or anhydrite is formed. These two forms of calcium sul-
fate usually transit to each other (Warren, 2006).
The knowledge of the quantitative spatial distribution of these two extreme members is essential
both for the immediate and the long term programming of the development of the active gypsum
open pit in Altsi, Eastern Crete, where INTERBETON S.A. operates. In this study the combination
of several methodologies aiming to the determination of the new exploration drilling program in
the active open pit is presented. The results of this drilling program are substantial for the accom-
plishment of the objective.
2. Geological setting
Permian/Triassic evaporites form almost 35% of the global evaporite deposits. In that period palaeo-
geography and climate produced favourable circumstances for evaporite formation, which reached
a peak during Triassic. After the formation of Pangea and the drop of sea level, the marginal basins
became shallower and a large number of endocratonic basins were created. During Permian, the cli-
mate became even more arid, contributing to the increase of evaporation’s rate (Trappe, 2000). Evap-
orites of Extrenal Hellinides comprise a part of the Permian/Triassic evaporitic layers which were
formed around Pangea. Evaporites are regarded as the first Alpine deposits of Paxos and Ionian
isopic zones. This conclusion is based on field observations, compounded with existing drilling data.
Their age is Permian/Triassic, but there are observations of evaporitic intercalations within lime-
stones of lower Liasic and Cretaceous age, as well. Their maximum thickness varies from 1500m
to 3000m (Nikolaou, 1986).
The island of Crete exhibits several sulfate outcrops. Many of them were characterized as exploitable
deposits and some are still regarded as significant deposits both quantitative and qualitative. Those
deposits are discriminated according to their time of genesis in Permian/Triassic and Neogene. The
main characteristic of Neogene deposits is the exclusive existence of dihydrate form of calcium sul-
phate (CaSO4.2Η2Ο) related to the “salinity crisis” or “Messinian event”, which affected the whole
Mediterranean area during Messinian. (Kanaris, 1989). On the contrary, Permian/Triassic deposits
exhibit the two main forms of calcium sulfate: gypsum (CaSO4.2Η2Ο) and anhydrite (CaSO4)
(Raulin,1869; Cayeux,1902; Papastamatiou, 1958; Fytrolakis, 1980; Antoniou, 1987). Deposits of
Permian/Triassic age are all over the island. One of the most significant is that of Altsi in Eastern
Crete. Its extent is 1.25 km2 and is an exploitable mineral resource. It is placed above the lower lay-
ers of the metamorphic Phyllitic Nappe and it is surrounded by multi-folded schists, which belong
to the same nappe, and by younger sediments as well (Kanaris, 1989). 
3. Methods
The methodologies followed include field and computational work. In the first stage of our study,
all existing data were digitized in order to construct a preliminary three dimensional model of the
sulfate deposits of the open pit. Planning of the field works was based on this preliminary 3D model.
Results of geological mapping of the open pit’s slopes (scale 1:500) and the petrographical study of
representative sulfate samples were integrated into the 3D model. Finally, the model was used to for-
mulate alternative scenarios for exploration drilling programs. The aim of this work was to achieve
maximum information about the spatial distribution of gypsum and anhydrite in the quarry, while
minimizing the cost of the drilling program.
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3.1 Geological mapping
During geological mapping in scale 1:500, all the geological features observed on the pit’s slopes
were mapped. According to this mapping, the sulfate deposit of Altsi consists of seven different
lithological units. These units are the schists of the bedrock, the light-colored sulfates with dolomitic
segments, the light-colored sulfates with dark laminas, the dolomites, the anhydrites, the soft gyp-
sums and the stiff gypsums.
In particular, the light grey sulfates host dark dolomitic fragments of centimeters in size. The light-
colored sulfates with dark laminas are white to white ash with dark to light grey laminas. The min-
eralogical composition of laminas can be either dolomitic or magnesitic or even sulfate. The soft
gypsum is white to white ash without any calcitic inclusion. All the above three units are brittle,
while the white to white ash coarse crystalline gypsum is rather massive. The hardest sulfate unit is
anhydrite. It is coarse crystalline dark grey and often contains dolomitic fragments. The dark
dolomites are always observed in the open pit area as fragments of centimeter to meter in size, which
are hosted in sulfate formations and never as a distinct layer. The schists belong to Phyllite Nappe
(after Dornsiepen et al., 2001) and surround all the aforementioned units. The schists present red-
dish colour close to their contact with the sulphate deposit.
XLIII, No 5 – 2494
Fig. 1: (left): a) Deposits of Permian/Triassic age (squares) and Neogene age (circles) in Crete island. b), c) Ge-
ological map and section of the area where gypsum-anhydrite deposit is located. (after Kanaris, 1989).
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Initially, these units were separated by their macroscopic characteristics. Later, representative sam-
ples were taken from each lithological unit and were analyzed geochemically. Lithological units
that had similar mineralogical composition were grouped in order to simplify the geological map.
This fact resulted in the generation of a new geological map (Fig. 2) distinguishing four lithologi-
cal units. These are gypsum, anhydrite, dolomite and schist.
The geological map of Figure 2 shows the surface distribution of gypsum and anhydrite on the slopes
of the open pit. It is concluded that gypsum outcrops cover the larger area of the pit, while anhydrite
outcrops exist in the northern and western part. The dolomitic segments are dispersed throughout the
open pit, having size of centimeter to meter. The size and the frequency in appearance of dolomitic
segments increase towards the upper levels of the eastern part. The bedrock is observed in the lower
level of the pit.
In order to understand the structural regime of the area where the open pit is located, fault planes’
orientation measurements were conducted in both the sulfate deposits of the pit and the bedrock. In
figure 2 are shown the two major tectonic systems. The first one has an ENE-WSW orientation with
almost vertical dip (85ο-90ο) which is observed in both the sulfate rocks and the bedrock. The sec-
ond one has an NNW-SSE orientation with 65ο dipping angle towards the WSW occurring only in
the sulfate rocks.
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Fig. 2: Geological map of the pit area which depicts the four lithological units. It is also shown two stereonets
concerning fault planes’ orientation both in the sulphate rocks and the bedrock.
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3.2 3D Geological modelling 
Computer-aided deposit modelling comprises the generation of a geometric model, a property model,
as well as a mine model. A more detailed description of the modeling process in mining can be found
in Prissang et al. (1996; 1999). In the model which was set up for this study, the following data were
integrated (Fig. 3): a) digital terrain models of the pit surface and the future final exploitation sur-
face area, b) results of the geochemical analysis of 100 surface spot samples located on a 40m or-
thogonal raster and c) 255 samples of drilling cores with an average length of 3m each, from
exploration drillholes (843m total length). The drillholes were conducted by the company in 1982,
whereas the spot sampling took place during this study. The interpretation of all the geochemical data
was the base of the lithological description. The latter was processed with the Surpac Vision min-
ing software package in order to setup the model.
3.3 Geostatistical Structure Analysis
A geostatistical structure analysis was carried out to investigate the spatial correlation of the grade
values concerning CaSO4 and CaSO4+2H2O. These spatial correlation structures can be interpreted
as the results of the formation process of the deposit. Empirical variograms indicating the presence
of a spatial correlation have been calculated for these parameters. By calculating variogramms for
the two parameters, anisotropy ellipsoids for the spatial correlation of the grades could be modeled
(Table 1). The best variogramms were obtained in the vertical direction (Fig. 4). 
3.4 Property Modelling
The objective of property modelling is to provide predictions of the spatial distribution of grade val-
ues within the deposit. This covers discretisation of the geological body under consideration, grade
estimations as well as reliability checks of the results. 
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Fig. 3: Digital terrain model of the Altsi Open Pit (transparent), with existing exploration drillholes and sur-
face sampling locations.
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3.5 Spatial Discretization
The representation of the spatial distribution of grade values required the subdivision of the gypsum/an-
hydrite body into cells. From the point of view of the planning engineer, a block size 3.5m x 3.5m x 15m,
matching the size of future extraction units (i.e. blasting blocks), was considered as sufficient. For each
block, the grade values had to be computed. 
3.6 Grade Estimation
The grades for gypsum and anhydrite for the blocks were calculated by the Ordinary Kriging
Method. The variogramm models described in Table 9 were used during the estimation, and the
anisotropy ellipsoids were also used as search ellipsoids for the estimation procedure. The applied
parameters were crossvalidated on the sampling location, to check for possible bias on the estima-
tion results. The estimation error distribution for anhydrite shown on Figure 5 indicates that no bias
is inserted in the estimations. The results for gypsum are similar. 
The estimated concentrations for gypsum can be seen on Figure 6.
Fig. 4: Variogramm for gypsum in the vertical direction.
Table 1. Parameters of the 3-axis anisotropy ellipsoids for gypsum and anhydrite.
Parameter Gypsum Anhydrite
Direction/Dip of major Axis N190/04 N190/-20
Major axis rotation 0 0
Major / Semi-major axis 1,27 1,05
Major / minor axis 2,10 3,33
Maximum Range 110 m 130 m
Vertical range 40 m 60 m
C (nugget) 60 20
Sill 810 970
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4. Conclusions-Results
In order to improve further the precision of the outcomes, 5 exploration scenarios are proposed. Re-
sults from the old exploration drillholes and from surface sampling are combined in these scenar-
ios. The usual total depth for each sampling position is 25 m (unless it is stated as less) and the
length of each separate sample is 3 m. This option is proposed in order to increase the density of the
known spatial information without increasing the total cost of the project. All the proposed scenar-
ios focus on the areas where there is lack of samples/data and, in addition, appear to have the max-
imum thickness of recoverable material. The drillholes’ maximum depths don’t exceed the designed
final excavation depth of the open pit. As the variogram’s vertical range is 40 m for the anhydrite
and 60 m for the gypsum, drillholes can be limited at a higher elevation. Regarding the assessment
of the spatial distribution of the qualities in the pit, based on the results of the structural geostatisti-
cal analysis and, in specific, the 60 m range for the gypsum and the more than 40 m range for the
XLIII, No 5 – 2498
Fig. 5: Estimation error (measured – estimated) for the anhydrite concentrations.
Fig. 6: Block model of the Altsi Open Pit with estimated gypsum values.
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anhydrite in the horizontal dimension, the distance between the drillholes is approximately 120 m
apart. The distance is the same between the new and the existing drillholes. This option contributes
to the maximum coverage of the pit’s surface area. 
From another point of view, if the aim is focused solely on the improvement of the assessment’s pre-
cision, then some of the new drillholes must be located in a distance of 40 m from the existing ones
and between them. This option contributes to the calculation of new variograms and to the redeter-
mination of the anisotropy’s ellipsoid.
Because of the fact that the two aforementioned options have different purposes, different scenar-
ios are proposed. All of them maintain the research’s cost in acceptable level. These are:
Exploration scenario 1: 5 drillholes, with a total length of 250 m, or 4 drillholes, with a total
length of 280 m
Exploration scenario 2: 3 drillholes, of 194 m in total length
Exploration scenario 3: 2 drillholes, of 120m in total length and 19 additional surface sam-
plings
Exploration scenario 4: 37 surface samplings
Exploration scenario 5: 4 drillholes, with a total length of 250 m & and 28 supplementary sur-
face samplings
The first two scenarios offer the most insight in the deeper parts of the quarry, but do not offer any
improvement in the recognition of smaller intermediate structures than the ones detected by the sur-
face sampling on the 40m raster
The 3rd scenario tries to combine knowledge from the deeper parts with the advantages of additional
surface information from a more dense raster.
The 4th scenario focuses on the extra information from a surface raster, assuming that the informa-
tion from the older drillholes concerning the deeper parts of the ore body is sufficiently enough.
Finally scenario 5 maximizes information gain both in depth and on the surface raster.
Scenario number 1 was finally selected as the best candidate, because it offered more information
concerning the deepest parts of the ore body. As a result, 4 drillholes were drilled with a total drilling
length of 297m. 
After the cumulative evaluation of the total data occurred during the above mentioned new drilling
project in combination with the already existing information from the older drilling and sampling
campaigns, it became obvious that:
1. The data occurred from the proposed drilling scenarios were crucial not only for the final cal-
culation of the recoverable gypsum reserves, but also for the calculation of the spatial dis-
tribution of gypsum and anhydrite in the ore body.
2. As a further consequence of the above mentioned improvements, these information can be
considered as really important for the annual planning of the open pit production, since the
main aim of the production (concerning the cement factories feeding with gypsum) is focused
on providing a stable and predictable quality of raw material (ratio between gypsum/anhy-
drite), and keeping at the same time the productive benches fully operational and safe.
XLIII, No 5 – 249921 (5)
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